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Abstract 47 
 48 

Observations of NOx in the Sacramento, CA region show that mixing ratios decreased by 49 

30% between 2001 and 2008. Here we use an observation-based method to quantify net 50 

ozone production rates in the outflow from the Sacramento metropolitan region and 51 

examine the O3 decrease resulting from reductions in NOx emissions. This observational 52 

method does not rely on assumptions about detailed chemistry of ozone production, 53 

rather it is an independent means to verify and test these assumptions. We use an 54 

instantaneous steady-state model as well as a detailed 1-D plume model to aid in 55 

interpretation of the ozone production inferred from observations. In agreement with the 56 

models, the observations show that early in the plume, the NOx dependence for Ox (Ox = 57 

O3+NO2) production is strongly coupled with temperature, suggesting that temperature-58 

dependent biogenic VOC emissions can drive Ox production between NOx-limited and 59 

NOx-suppressed regimes. As a result, NOx reductions were found to be most effective at 60 

higher temperatures over the 7 year period. We show that violations of the California 1-61 

hour O3 standard (90 ppb) in the region have been decreasing linearly with decreases in 62 

NOx (at a given temperature) and predict that reductions of NOx concentrations (and 63 

presumably emissions) by an additional 30% (relative to 2007 levels) will eliminate 64 

violations of the state 1 hour standard in the region. If current trends continue, a 30% 65 

decrease in NOx is expected by 2012, and an end to violations of the 1 hour standard in 66 

the Sacramento region appears to be imminent. 67 

 68 

 69 

1. Introduction 70 
 71 

Many populated regions worldwide have chronically high levels of summertime ozone 72 

produced during the photochemical oxidation of carbon monoxide (CO) and volatile 73 

organic compounds (VOCs) in the presence of  NOx (NOx = NO + NO2). Protecting 74 

human health (Uysal and Schapira, 2003; Trasande and Thurston, 2005; McClellan et al., 75 

2009; Yang and Omaye, 2009) and agriculture (Morgan et al., 2003; Ashmore, 2005; 76 

Feng and Kobayashi, 2009; Fuhrer, 2009) has required local regulation aimed at reducing 77 

VOC and NOx levels. 78 

 79 

Two informative examples of this are Mexico City (Zavala et al., 2009) and Beijing 80 

(Tang et al., 2009), which have been subject to two contrasting emission control 81 

strategies. In Mexico City, VOC emissions decreased significantly between 1992 and 82 

2006 while NOx emissions stayed relatively constant; O3 concentrations decreased during 83 

this time at a rate close to 3 ppb/year. In contrast, in Beijing, O3 concentrations increased 84 

over a 5 year period, from 2001 to 2006, in response to controls on NOx with no 85 

corresponding reduction in VOC emissions. The results observed in both cities are in line 86 

with what would be predicted, in a qualitative sense, from the chemical mechanisms of 87 

O3 production in a VOC-limited atmosphere, typical of polluted cities. 88 

 89 

The contrasting examples of Mexico City and Beijing show that the way in which 90 

emission controls are implemented can result in varying levels of success, or in some 91 

cases, detriment, in controlling O3 concentrations. Complicating matters, however, is that 92 
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the O3 response to identical control strategies is not always the same in different regions. 93 

For example, in Los Angeles, combined VOC and NOx controls resulted in a nearly 50% 94 

decrease in peak 1 hour O3 concentrations from 1990 (310 ppb) to 2007 (159 ppb), 95 

however the San Joaquin Valley in Central California, which was subject to essentially 96 

the same controls, showed only a marginal decrease in peak 1 hr O3 (164 ppb to 142 ppb) 97 

over this time frame (Cox et al., 2009).  98 

 99 

While we have an adequate qualitative understanding of the response of O3 to NOx and/or 100 

VOC reductions, a quantitative analysis remains elusive (e.g. Thornton et al., 2002), 101 

presumably because of our incomplete knowledge of the relevant emissions and 102 

photochemistry and our inability to represent the meteorology with sufficient accuracy. 103 

As it is unclear which aspects of our chemical understanding need improvement, direct 104 

tests of the mechanisms by comparison to observations in the ambient atmosphere are 105 

needed. 106 

 107 

One of the primary difficulties with such an analysis is that controlled experiments where 108 

a single parameter is varied while all others are held constant are almost never realized in 109 

the atmosphere. Day-of-week effects on ozone are a close approximation to a control 110 

experiment, because NOx emissions typically decrease significantly on weekends with 111 

relatively small changes in VOC emissions. Still, in most locations, meteorology varies 112 

too much to directly compare weekends and weekdays in a given year, and long term 113 

decreases in NOx and VOCs, along with changes in land use, makes year to year 114 

comparisons subject to the difficulties of interpreting an experiment where many things 115 

have changed at once.  116 

 117 

The Sacramento, California (38.58° N, 121.49° W) urban plume offers a rare opportunity 118 

for evaluating effects of changes in a single parameter, NOx concentrations, on 119 

atmospheric chemistry using ambient measurements. The local topography in the region 120 

results in an extremely stable wind field, with upslope flow during the daytime, and 121 

downslope flow at night, driven by heating and cooling in California’s central valley (e.g. 122 

Carroll and Dixon, 2002; Dillon et al., 2002). The VOCs that control ozone production in 123 

the region are predominantly biogenic (Dreyfus et al., 2002; Cleary et al., 2005; Steiner et 124 

al., 2008). Variability in NOx, therefore, is completely decoupled from variability in 125 

VOCs in the region.  126 

 127 

NOx mixing ratios in the Greater Sacramento Area (as we will discuss below) and 128 

throughout Northern California (Ban-Weiss et al., 2008; Cox et al., 2009; Russell et al., 129 

2010) have been in steady decline for over a decade, thus facilitating an atmospheric 130 

experiment in which only a single variable in the ozone production system has been 131 

changed (at a given temperature). Previous work has investigated the effect of day-of-132 

week changes in NOx emissions on O3 production in the region. Here, with variability in 133 

NOx occurring on both day-of-week and interannual time-scales, we are able to compare 134 

the effects of NOx reductions within a single year (weekdays vs. weekends) to the 135 

equivalent NOx reductions on weekdays several years later. 136 

 137 
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In what follows, we will give a description of the Sacramento urban plume (Sec. 2), 138 

highlighting previous efforts to characterize its chemistry. We then describe our 139 

observation based method for inferring the production of ozone (P(O3)) in an urban 140 

plume (Sec. 3) and describe the correlations of the inferred P(O3) with temperature and 141 

NOx (Sec. 4). We will compare our observations to results from a steady-state model and 142 

a time-dependent Lagrangian plume model (Sec. 5) and discuss the implications of our 143 

results for air quality in the region (Sec. 6).  144 

 145 

2. The Sacramento Urban Plume 146 
 147 

Due to its extremely regular, topographically-driven wind patterns, the Sacramento 148 

region can be represented as a simple flow reactor with dilution (Carroll and Dixon, 2002; 149 

Dillon et al., 2002; Perez et al., 2009). This Lagrangian representation holds for a 150 

significant portion of the year and greatly facilitates the understanding of changes in 151 

photochemical conditions over diurnal (Murphy et al., 2006a; Day et al., 2009), weekly 152 

(Murphy et al., 2007), seasonal (Murphy et al., 2006a; Day et al., 2008; Farmer and 153 

Cohen, 2008), and, as in the present study, inter-annual timescales.  154 

 155 

A map of the Greater Sacramento Area (GSA) and the downwind regions influenced by 156 

the urban plume is shown in Fig. 1. We will refer to three different sub-regions in this 157 

discussion: the urban core, the suburbs, and the foothills. A number of monitoring sites 158 

operated by the California Air Resources Board (CARB) are located within the study 159 

region, as shown in Fig. 1, as are two UC Berkeley research sites. Exceedances of both 160 

the 1 hour and 8 hour CA standard are yearly occurrences during the so-called ozone 161 

season, typically from May to September.  162 

 163 

In the GSA, biogenic VOCs are the main source of VOC reactivity that leads to ozone 164 

production. In all phases of the plume evolution, biogenic VOC emissions dominate VOC 165 

reactivity (Cleary et al., 2005; Steiner et al., 2008). Isoprene emissions are strong in the 166 

metropolitan region and peak within a roughly 10 km wide band of Oak Forest that runs 167 

north-south along the western edge of the Sierra Nevada foothills (Dreyfus et al., 2002; 168 

Spaulding et al., 2003). Isoprene and its oxidation products represent the majority of 169 

VOC reactivity throughout the plume. East of the Oak band methyl but-2-ene-3-ol 170 

(MBO), and terpenoid species are added to the mix and become a larger fraction of the 171 

reactivity (Lamanna and Goldstein, 1999; Schade et al., 2000; Bouvier-Brown et al., 172 

2009).  173 

 174 

Early studies of the plume found that ozone concentrations peak some 50 km downwind 175 

of the city center and decrease significantly over the next 15 km of travel (Carroll and 176 

Dixon, 2002). These authors were among the first to characterize the plume as a 177 

Lagrangian air parcel that migrates from the urban core to the sparsely populated Sierra 178 

Nevada Mountains. Using a suite of VOC measurements at Granite Bay, in the suburbs to 179 

the southwest of Folsom Lake, and downwind at UC Blodgett Forest Research Station 180 

(UC-BFRS), Dillon et al. (2002) took advantage of the Lagrangian nature of the plume in 181 

order to characterize the average mixing and oxidation characteristics of the plume. More 182 

recently, Perez et al. (2009) built on this conceptual framework for plume transport and 183 
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incorporated a detailed chemical model in order to test the mechanistic understanding of 184 

NOx chemistry as it pertains to ozone production.  185 

 186 

Murphy et al. (2006b; 2007) analyzed the day-of-week patterns of several species related 187 

to photochemical ozone production at various points along the plume transect and 188 

identified a change in the NOx dependence for ozone production as the plume migrates 189 

downwind. In addition to an analysis of day-of-week differences in NOx, O3, and 190 

isoprene concentrations, observations of the NOz/NOx ratio (NOz = NOy - NOx) at two 191 

different locations in the Sacramento urban plume, one at Granite Bay, in the suburbs, 192 

and one at UC-BFRS, showed different day-of-week behavior, suggestive of NOx-193 

suppressed (VOC limited) ozone production in the urban core and suburbs and NOx-194 

limited ozone production in the foothills. As a result, there was higher observed ozone in 195 

the urban core on weekends than on weekdays while the reverse holds at the remote 196 

downwind site, during the years 1998-2002 (Murphy et al., 2007). 197 

 198 

Our current understanding of the behavior of the Sacramento urban plume is summarized 199 

as follows: 200 

 201 

- the regular meteorology in the region allows for a simplistic representation of the 202 

plume as an air parcel moving in a Lagrangian sense to the northeast 203 

 204 

- dilution of chemical species in the plume occurs at a predictable rate as the plume 205 

migrates away from the urban core and mixes with the regional and global 206 

background 207 

 208 

- anthropogenic emissions of NOx in the plume exhibit strong weekday/weekend 209 

differences and have been decreasing over longer time scales, presumably due to 210 

replacement of older vehicles with newer ones that have better emission controls 211 

  212 

- VOC reactivity in the plume, even in the urban core, is controlled primarily by 213 

biogenic emissions, which vary with temperature and solar radiation, leading to 214 

diurnal, seasonal, and synoptic variability 215 

 216 

- O3 production is VOC-limited in the urban core and transitions to NOx-limited as 217 

the plume is transported into the foothills and away from NOx sources 218 

 219 

 220 

3. Estimating Odd-Oxygen Production Rates from Observations 221 
 222 

 223 

As an urban plume evolves, it is influenced by both chemical and physical processes. The 224 

rate of change in concentration for a given species in the plume, represented by a box 225 

moving with the local winds, is given by: 226 

 227 

d X[ ]

dt
= P + E − D − L − M   (1) 228 
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 229 

where P and L are the rates of chemical production and loss, respectively, E is the 230 

emission rate, D is the rate of deposition to the surface, and M is the mixing or 231 

entrainment rate of the plume with its surroundings.  232 

 233 

For a chemically inert tracer (P=L=0) that has negligible emission sources and does not 234 

deposit (E=D=0), its concentration is influenced only by the mixing/entrainment rate M, 235 

which we represent as follows: 236 

 237 

)][]([ bkgmix XXkM −=   (2) 238 

 239 

where kmix is an empirically determined constant and [X]bkg is the concentration of 240 

species X in the background or surrounding air.  241 

 242 

For reasons that will be described in Sec. 5, we are interested in the rate of change for 243 

odd oxygen (Ox = O3 + NO2). We assume Ox has no direct emission sources (E=0), and 244 

its time derivative can be expressed as: 245 

 246 

MDLP
dt

Od x −−−=
][

  (3) 247 

 248 

If Ox measurements are made at two locations in the plume, Eq. (3) can be rearranged and 249 

the derivative evaluated at those two points to solve for the mean net chemical production 250 

(P-L-D or ∆[Ox]chem/∆t) between the two locations as follows: 251 

 252 

M
t

O
DLP

t

O obsxchemx +
∆

∆
=−−=

∆

∆ ][][
  (4) 253 

 254 

In Eq. (4), ∆[Ox]obs/∆t  is the observable parameter, calculated from the difference in 255 

[Ox]obs at two adjacent locations in the plume and the time it takes for the air mass to 256 

travel between the two sites. We then calculate a time-dependent mixing rate using Eq. 257 

(5), and solve for ∆[Ox]chem/∆t . 258 

 259 

t

dtOtOk

t

O
M

t

t

bkgxxmix

mixx o

∆

−

=
∆

∆
=

∫
1

)][)](([
][

  (5) 260 

 261 

                                                            262 

Other than entrainment, the loss pathways for Ox in the plume are deposition, reaction 263 

with VOCs, reaction with HO2, photolysis followed by the reaction of O
1
D atom with 264 

H2O, and reaction of OH with NO2. The lifetime of Ox with respect to chemical losses 265 

and deposition in the PBL is on the order of 20-30 hours, an order of magnitude longer 266 

than the time differences (∆t) used in our analysis. Thus, variability in the Ox removal 267 

rates will have little effect on the observational calculation of ∆[Ox]chem/∆t. Variability in 268 
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production rates, which often reach 10-30 ppb/hr in urban areas, corresponding to Ox 269 

lifetimes with respect to production of 2-6 hours, dominate the variability in ∆[Ox]chem/∆t.  270 

 271 

Seven years of NOx and O3 data were compiled from three CARB sites (Del Paso, 272 

Roseville, and Cool) (CARB, 2009) and from UC Berkeley measurements at UC-BFRS 273 

between 2001 and 2007. Table 1 summarizes the observations used from each site and 274 

the methods of detection. These four sites fall roughly along the center line of the plume 275 

and split the transect into three segments that will be referred to as Segments A (Del Paso 276 

to Roseville), B (Roseville to Cool), and C (Cool to UC-BFRS). Temperature and solar 277 

radiation measurements from the California Irrigation Management Information System  278 

site at Fair Oaks, located roughly in between Del Paso and Roseville, and wind speed and 279 

wind direction from the Camino CIMIS site located to the southwest of UC-BFRS 280 

(CIMIS, 2009). Table 2a summarizes the full 7 year data set. 281 

 282 

The method for NOx detection at the CARB sites is the catalytic conversion of NO2 to 283 

NO, followed by detection of total NO (ambient plus converted) by chemiluminescence. 284 

Subtraction of the NO signal detected in ambient air from the NOx signal gives the 285 

response, labeled “NO2.” There are known positive artifacts to this measurement (Winer 286 

et al., 1974; Grosjean and Harrison, 1985; Dunlea et al., 2007; Steinbacher et al., 2007) as 287 

a result of the accompanying conversion of peroxy nitrates (PNs), alkyl & 288 

multifunctional alkyl nitrates (ANs), and nitric acid (HNO3) over the molybdenum oxide 289 

(MoO) catalytic converter. In this study, we will assume that these higher oxides are 290 

detected with 100% efficiency and refer to observations reported as “NOx” by CARB, 291 

instead, as NOy.  292 

 293 

For the purpose of understanding the role of NOx in Ox chemistry, we estimate NOx 294 

mixing ratios from the observations of NOy. To do this we assume that sum of the higher 295 

oxides of nitrogen are present at the monitoring stations in an amount equal to the NO2 at 296 

those stations (a ratio roughly consistent with observations of NO2, PNs, ANs and HNO3 297 

at the Granite Bay site (Cleary et al., 2005; Cleary et al., 2007)).  Thus, we define NO2 at 298 

these sites as 50% of the reported “NO2”. Calculations using the observed NO and O3, 299 

assuming standard parameters for the NO-NO2-O3-HOx steady-state relationship, indicate 300 

that NO2 is 65-70% of the observed “NO2”. These two scenarios bracket our uncertainty 301 

of the true NO2 at between 50 and 70% of the observed “NO2”.  302 

 303 

Based on the average daily wind speed, the Lagrangian plume age, relative to an arbitrary 304 

start time (to), can be approximated for each measurement site along the transect. 305 

Selecting Del Paso as the plume start point and a to of 1000 PST, the plume passes over 306 

Roseville, Cool, and UC-BFRS at 1200 PST, 1500 PST, and 1700 PST respectively.  307 

Daily values for each available measurement were obtained from 2 hour averages about 308 

these times. 309 

 310 

Eq. (4) is solved for ∆[Ox]chem/∆t for each plume segment using a constant O3 background 311 

of 53 ppb (NO2 background is negligible for consideration of odd-oxygen) and kmix = 312 

0.31 hr
-1

 (see Appendix B for details). Since there are no nitrogen oxide measurements 313 

available at the Cool site, we estimate NOy (and NOx) based on an exponential decay 314 
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from Roseville with a lifetime of 2 hrs and a transit time of 3 hours. The resulting NOx is 315 

consistent with observations of NOx further downwind at UC-BFRS and amounts to NO2 316 

levels of at most 3% of Ox at the site.  317 

 318 

The analysis is applied to the months of May through September and uses days when 319 

wind speeds are between 3 and 4 m/s (at the Camino site), wind direction is W or SW 320 

(between 200 and 260 degrees, at Camino), and solar radiation is within 10% of a 30 day 321 

running mean (at Fair Oaks) to ensure clear sky conditions. About half of the 322 

observations from May through September survive this filter. There is no significant 323 

correlation of wind speed or wind direction with temperature or NOy in this data set (R
2
 < 324 

0.04). The filtered data used in this analysis is summarized in Table 2c. 325 

 326 

4. Observed NOx and Temperature influence on P(Ox) 327 

 328 

Figure 2 shows the annual average NOy observed during the summer months (May – 329 

September, 2001-2008) from the average of 4 GSA monitoring sites (T Street, Del Paso, 330 

Roseville, and Folsom). Observations are shown for all days, weekdays only, and 331 

weekends only. NOy decreased by 30% from 2001-2008 at an approximate rate of 0.6 - 332 

0.7 ppb/year. This long-term decrease is of the same magnitude as the mean observed 333 

weekday-weekend difference over the study period (~ 5 ppb). The day-of-week effect in 334 

the Sacramento region has also been observed in the satellite record (Russell et al., 2010) 335 

and was found to have a significant effect on ozone production rates, as reported by 336 

Murphy et al. (2006b; 2007). 337 

 338 

It is our expectation that the primary variables causing changes in ozone production rates 339 

are the NOx and biogenic VOC concentrations. Since BVOCs are emitted as an 340 

exponential function of temperature, we use temperature as a surrogate to represent 341 

changes in VOC reactivity. Changes in radical propagating reaction rates and water vapor 342 

are expected to be correlated with changes in temperature and BVOC emissions. These 343 

factors also have an impact on ozone production rates although their effects are smaller 344 

than those of BVOCs (Steiner et al., 2006).  345 

 346 

Figures 3a-c show ∆[Ox]chem/∆t for each segment vs NOx estimated from measurements at 347 

the upwind site and in three different temperature regimes (low, medium, and high). For 348 

Segment A (Fig. 3a), the region between Del Paso and Roseville, ∆[Ox]chem/∆t increases 349 

with both temperature and NOx. The slope of ∆[Ox]chem/∆t  vs NOx increases as 350 

temperature increases. Figure 3b shows the behavior of ∆[Ox]chem/∆t between Roseville 351 

and Cool (Segment B). As in Fig. 3a, Ox production rates are sensitive to both NOx and 352 

temperature. At the low NOx end, however, the temperature dependence is minimal. 353 

Additionally, the NOx dependence is a nonlinear function of NOx with a steeper variation 354 

at lower NOx concentrations, particularly for the medium and high temperature bins. The 355 

segment between Cool and UC-BFRS has much lower NOx concentrations. The 356 

∆[Ox]chem/∆t in this segment (Fig. 3c) shows a slight increase with NOx, but no 357 

discernable temperature dependence, except at the highest NOx concentrations. Net Ox 358 

production rates inferred from observations are lower here than in the two upwind 359 

segments. 360 
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 361 

 362 

5. Comparison of Observed Ozone Production with Two Models 363 

 364 

The qualitative patterns of P(Ox) as a function of NOx and temperature shown in Figs. 3a-365 

c are consistent with predictions based on standard photochemistry. Here we make use of 366 

equations describing instantaneous Ox production derived by Murphy et al. (2006b). 367 

Briefly, O3 participates in a null catalytic cycle with nitrogen radicals (NO and NO2). As 368 

a result, Ox is more conserved than either individually. This so called NOx cycle is 369 

described by reactions (R1) to (R3).  370 

 371 

O3 + NO � NO2 + O2   (R1) 372 

NO2 + hν � O + NO   (R2) 373 

O + O2 � O3    (R3) 374 

 375 

Net Ox production occurs when some alternative oxidant facilitates the conversion of NO 376 

to NO2. In continental regions, this is most often achieved through the oxidation of 377 

volatile organic compounds (VOCs). Reactions (R4) – (R7) outline the oxidation of 378 

VOCs by the hydroxyl radical (OH) and subsequent reaction of peroxy radicals with NO 379 

((R5) and (R7)), which, when coupled with NO2 photolysis (R2 and R3), leads to net 380 

production of O3 during the daytime. This series of reactions is radical propagating, with 381 

no net loss of NOx or HOx taking place. The rate of Ox production can be calculated as 382 

the combined rates of reactions (R5) and (R7), or as approximately twice the rate of any 383 

single reaction in this cycle.  384 

 385 

OH + VOC (+O2) � RO2 + H2O  (R4) 386 

RO2 + NO � NO2 + RO   (R5) 387 

RO + O2 � R’O + HO2   (R6) 388 

HO2 + NO � NO2 + OH   (R7) 389 

 390 

Accompanying these propagating reactions are a series of radical terminating reactions,  391 

(R8) - (R12), which ultimately limits P(Ox) through their influence on the concentrations 392 

of the reactants in (R4)-(R7). These terminating reactions are thought of in two categories, 393 

one involving self-reactions of peroxy radicals (HOx-HOx reactions, (R8) – (R10)), and 394 

one involving cross reactions between NOx and HOx radicals (NOx-HOx reactions, (R11) 395 

and (R12)). 396 

 397 

HO2 + HO2 � H2O2 + O2   (R8) 398 

HO2 + RO2 � ROOH + O2   (R9) 399 

RO2 + RO2 � non-radical products  (R10) 400 

 401 

NO2 + OH � HNO3    (R11) 402 

NO + RO2 � RONO2    (R12) 403 

 404 

The distinction between these two types of radical terminating reactions is what leads to 405 

different ozone production regimes, giving rise to NOx-limited and NOx-suppressed or 406 
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VOC-limited behavior (e.g. Sillman et al., 1990; Sillman, 1995). Non-linearities arise in 407 

the relationship between ozone production and the primary ozone precursors, NOx and 408 

VOCs, as a result of OH suppression by NO2 at high NOx (Reaction (R11)) and peroxy 409 

radical self reactions that limit their abundance at low NOx (Reactions (R8) – (R10)).  410 

 411 

P(Ox) can be calculated over a range of [NOx], VOC reactivities, and temperature by 412 

simultaneously solving steady-state equations for OH, HO2, and RO2 species at each 413 

input value (Kleinman et al., 1997; Thornton et al., 2002; Murphy et al., 2006b). Fig. 4 414 

shows the results from such a calculation, where P(Ox) is plotted as a function of [NOx], 415 

and against two correlated variables: VOC reactivity (Σki[VOC]i) on the left axis and 416 

temperature on the right axis. Additional reactions included in this particular calculation, 417 

not listed in the reaction series (R1)-(R12), are the radical propagating reactions of OH + 418 

CO and O3 + HO2 and the photolysis of O3 and formaldehyde. The relevant parameters 419 

for this calculation, tailored to observations in the Sacramento urban plume, are: NO2/NO 420 

= 4.5; [CO] = 140 ppbv; [O3] = 53 ppbv; P(OH) = 5 x 10
6
 molec cm

-3
 s

-1
; P(HO2) = 5 x 421 

10
6
 molec cm

-3
 s

-1
; alkyl nitrate branching ratio (α = k12/k5)  = 5%; [M] = 2.45 x 10

19
 422 

molec cm
-3

. As is well known, three different photochemical regimes can be identified in 423 

these non-linear equations, a NOx limited regime where Ox production increases with 424 

increasing NOx and is insensitive to VOC, a NOx suppressed or VOC limited regime 425 

where Ox production decreases with increases in NOx and increases with increasing VOC 426 

reactivity, and a transition regime where production is relatively insensitive to changes in 427 

either parameter.  428 

 429 

Also shown in Fig. 4 are shaded boxes representing NOx concentrations in the 430 

Sacramento urban plume. The boxes show the range (inter-quartile) of concentrations 431 

observed in the metropolitan Sacramento region (average of 4 sites, as in Fig. 2) and the 432 

resulting concentrations in the plume after 5 hours of aging, assuming a 2 hour NOx 433 

lifetime due to the combined effects of oxidation and dilution. The boxes represent 434 

average plume conditions in the years 2001 (A and C) and 2007 (B and D) under high 435 

(red) and low (blue) temperature scenarios. To the extent that this calculation, which 436 

represents perpetual noon, can simulate the time over which Ox is produced, we interpret 437 

Fig. 4 as a prediction for the response of P(Ox) to advection and dilution of the plume.  In 438 

the early years of the study period, on both weekdays and weekends and at all 439 

temperatures, the urban initialization of the plume begins to the right of the ridgeline, 440 

clearly in the NOx suppressed (VOC limited) regime. The plume always ends up well in 441 

the NOx limited regime. By 2007, decreases in NOx emissions have resulted in initial 442 

conditions that are essentially right at the ridgeline. The model also predicts that increases 443 

in temperature, at constant NOx and with corresponding increases in VOC reactivity, will 444 

result in increased P(Ox) in metropolitan Sacramento and have little to no impact on P(Ox) 445 

in the foothills, as indicated by the nearly vertical contours on the left side of the figure. 446 

 447 

We use Fig. 4 to interpret ∆[Ox]chem/∆t as shown in Fig. 3. In the early plume evolution 448 

(Segment A) ∆[Ox]chem/∆t increases with temperature at all NOx values. In the low 449 

temperature range, there is not a significant trend with NOx, while there is a clear 450 

increase with NOx in the middle and high temperature bins. Comparing to the trends one 451 

would expect by integrating Fig. 4 during dilution (i.e. along the arrow shown), we 452 
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interpret the observations as indicating that this region of the plume is NOx limited. The 453 

data show that changes in VOC influence ozone production rates in roughly the manner 454 

expected - we observe steep increases with increasing VOC. NOx increases result in small 455 

increases or almost no change in ∆[Ox]chem/∆t, perhaps an indication that the trajectory of 456 

the first segment moves the plume through the ridgeline, or perhaps an effect of added 457 

urban sources of VOC emissions that correlate with NOx. 458 

 459 

In segment B of the plume, where it moves from Roseville to Cool, our analysis (Fig. 3b) 460 

shows an increase in P(Ox) at low NOx and a slow in the increase at the highest NOx.  We 461 

interpret this slower rate of increase in P(Ox) at high NOx in Segment B to indicate that 462 

this segment of the plume crosses over the transition region into NOx-limited Ox 463 

production. The temperature dependence of ∆[Ox]chem/∆t is additional evidence that these 464 

first two segments are VOC limited. As seen in the model (Fig. 4) at fixed NOx, O3 465 

production contours are a strong function of temperature. In contrast, further downwind, 466 

in Segment C, we observe a increase in ∆[Ox]chem/∆t with NOx that is independent of 467 

temperature indicating this segment of the plume is NOx limited. 468 

 469 

The qualitative interpretation of the ∆[Ox]chem/∆t as a function of temperature and NOx is 470 

supported by a more quantitative analysis using a 1-D Lagrangian plume model with 471 

detailed chemistry. A brief description of the model and details particular to this work are 472 

given in Appendix A. A complete description of the model can be found in Perez (2008) 473 

and Perez et al., (2009). This model represents diurnal variations that occur as the plume 474 

evolves along with a self-consistent representation of the chemistry and mixing. Figures 475 

3d-f show the results, ∆[Ox]chem/∆t (circles with solid lines) , from model calculations 476 

over a range of temperatures, with corresponding changes in BVOC emissions, and initial 477 

NOx mixing ratios and emissions rates. ∆[Ox]chem/∆t is calculated from the model in the 478 

same manner as from the observations - taking the Ox difference between the beginning 479 

and end points of each segment and adjusting for the effect of dilution.  480 

 481 

This model calculation has a remarkable correspondence to the patterns in the 482 

observations. For segment A, the model calculation shows three more or less flat and 483 

parallel lines that are well separated; for segment B, the model calculation shows 484 

curvature that is very much like the observations; and for segment C the model shows 485 

three curves that are almost on top of one another indicating that ∆[Ox]chem/∆t is 486 

independent of VOC and temperature in this region a result virtually identical to the 487 

analysis of the observations. 488 

 489 

This is not to say the correspondence is perfect. ∆[Ox]chem/∆t in the model is too strongly 490 

NOx suppressed in the first segment. The observations have a slightly positive slope while 491 

the model slightly negative. In segment B, ∆[Ox]chem/∆t  doesn’t rise as steeply as the 492 

observations or reach values as high. In segment C, the net production at the lowest NOx 493 

is much higher than in the observations. However, our point here is not to establish that 494 

this model is correct, but rather to establish that this method of analysis of the 495 

observations does provide a strong challenge to any model, one that is especially 496 

sensitive to Ox production chemistry.  497 

 498 
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Some of the model observation differences can be interpreted as due to the model not 499 

having the ridgeline between NOx limited and NOx suppressed behavior in the right 500 

location. Factors that influence the location of this the boundary and thus may contribute 501 

to the model/observation discrepancy are: (1) uncertainty in the modeled VOC reactivity, 502 

for which very few observations exist in the region;  a doubling of VOC reactivity in the 503 

model increases the NOx concentration where P(Ox) peaks by about 50% and would 504 

result in better agreement of the model and observations, (2) uncertainty surrounding the 505 

link between isoprene oxidation products and HOx concentrations, as indicated by recent 506 

theoretical and experimental studies (Thornton et al., 2002; Lelieveld et al., 2008; Ren et 507 

al., 2008; Hofzumahaus et al., 2009; Paulot et al., 2009; Peeters et al., 2009; Archibald et 508 

al., 2010; Da Silva et al., 2010; Stavrakou et al., 2010); observations of higher oxides of 509 

nitrogen as a function of temperature by Day et al. (2008) also indicated a need for 510 

additional OH in the region. An increase in OH by a factor of 2 would increase the 511 

modeled transition point between NOx-limited and NOx-suppressed ozone production by 512 

25%, resulting in slightly better agreement between observations and the model; and (3) 513 

the uncertainty in our assumptions about the fraction of observed “NO2” in the urban core 514 

that is true NO2, which we estimate at 50-70%; if NO2 is a smaller fraction of the 515 

observed NO2 than we estimate, the perceived transition point would occur at lower NOx.   516 

 517 

6. Implications for Regional Air Quality 518 

 519 

Regional air quality is a function of the integrated ozone production over the entire plume, 520 

P(Ox)tot. From Fig. 4, an increase in temperature, and, consequently, VOC reactivity, is 521 

predicted to increase P(Ox) in the urban core, leading to an overall increase in P(Ox)tot 522 

with temperature at all points in the plume, despite having little impact on P(Ox) in the 523 

NOx-limited foothills. A reduction in NOx emissions in the urban core, as observed in 524 

2007 relative to 2001, may not have a significant effect on P(Ox) in the early stages of the 525 

plume or may even result in increased O3 in the urban core, but the point of peak ozone 526 

production and then NOx-limiting behavior will be achieved closer to the urban core and 527 

P(Ox)tot will decrease. This will be especially apparent at higher temperatures (higher 528 

BVOC emissions), where the P(Ox) contours are a steeper function of NOx, as illustrated 529 

in Fig. 4. Thus, it is expected that the reductions in NOx that occurred over the period of 530 

2001 to 2007 were more effective at reducing O3 levels at high temperatures, where P(Ox) 531 

is highest, than at low temperatures.  532 

 533 

Our analysis of ∆[Ox]chem/∆t above reinforces these model-based predictions for P(Ox) in 534 

the Sacramento urban plume as a function of distance from the urban core, temperature, 535 

and NOx. Comparison of these predictions of P(Ox) as a function of NOx and temperature 536 

and the probability for exceeding the 1 hour State of California ozone standard (90 ppb) 537 

on any given day during calendar years 2001-2007 provides useful insight. By focusing 538 

on the exceedance probability, variability in the annual distribution of high, medium, and 539 

low temperature days from year to year is removed, and the effects of the steady decline 540 

in NOx emissions can be quantified. This probability is calculated for three different 541 

temperature bins and plotted against the annual region-wide average NOy mixing ratio in 542 

Figs. 5a (Roseville), 5b (Cool), and 5c (UC-BFRS). Table 2b summarizes the data used in 543 

these figures. The uncertainty in the exceedance probability is calculated as 1/2√N/N, 544 
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where N is the total number of days in each temperature bin. Typical uncertainties in the 545 

exceedance probability in a given year are about +/- 0.1 (1σ). 546 

 547 

A dramatic effect in the exceedance probability is observed at Cool, where, in 2001 when 548 

the annual average NOy in the urban core was 18 ppb, nearly 70% of the days with a 549 

maximum air temperature of at least 33 
o
C were over the exceedance limit; but in 2007 at 550 

an urban NOy concentration of 12 ppb only 10% of these days exceeded the limit (Fig. 551 

5b). At Roseville (Fig. 5a) the sensitivity to NOy decreases is lower than at Cool, but still 552 

quite strong. The data show a change in exceedance probability during the hot days from 553 

about 40-50% in the early part of the study period to 10-20% in the later part. Finally, at 554 

UC-BFRS, reductions in NOx emissions in the Sacramento Metro region have reduced 555 

the exceedance probability at UC-BFRS, some 90 km to the northeast, from 50% to 0% 556 

on high temperature days (Fig. 5c). There are also reductions at lower temperatures, 557 

which are most evident at Cool. 558 

 559 

Early in the study period, the number of exceedance days each year at UC-BFRS were 560 

comparable to that at Roseville, but the increased sensitivity to NOx reductions in the 561 

downwind segments of the plume have resulted in a greater improvement in air quality at 562 

UC-BFRS than in the urban core and the suburbs. This effect is consistent with the 563 

differences in the day-of-week patterns of ozone in the urban core versus in the 564 

downwind regions, as outlined by Murphy et al (2007). Nonetheless, the 30% decrease in 565 

NOy that occurred from 2001 to 2007 has been extremely effective in reducing the 566 

exceedance probability at all locations during the hottest days of the year when increases 567 

in biogenic emissions result in chemistry that shifts to conditions that are more NOx 568 

limited. To put these results in perspective, if NOy levels in 2007 had remained at 2001 569 

levels, the 33 high temperature days during 2007 are predicted to have resulted in 22 (+/- 570 

5) exceedance days at Cool, instead of the 4 that actually did occur.  571 

 572 

It has been argued (e.g. Muller et al., 2009) that NOx decreases cause O3 increases in the 573 

center of cities and are more detrimental to health because of the larger number of people 574 

who live in the urban core as opposed to the surrounding suburbs and rural regions. In 575 

GSA, Murphy et al. (2007) found that O3 concentrations (8 hour maximum) increased on 576 

weekends in the urban core during the time period of 1998-2002 as a response to 577 

decreases in NOx of approximately 20% on weekends. We find that between 2001 and 578 

2007, the average O3 is higher on weekends than on weekdays only for the lowest 579 

temperature days. Because O3 concentrations on low temperature days are generally well 580 

below the exceedance limit, increases in O3 with decreasing NOx are not likely to lead to 581 

additional exceedances. Thus, we find no evidence that implementation of NOx emission 582 

controls has been detrimental to air quality, by any policy-relevant metric, at any of the 583 

sites considered in this analysis over the period 2001 through 2007 (and presumably up to 584 

the present day). 585 

 586 

We calculate a projected time frame for eliminating exceedances in the region using the 587 

data in Fig. 5 to extrapolate to a 0% exceedance probability. We calculate both a 50% 588 

confidence time-frame, from the mean exceedance probabilities and a 95% confidence 589 

time frame, from the upper bound of the 2σ uncertainty in the mean. The high 590 
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temperature values at Roseville are used for these calculations. We predict, with 95% 591 

confidence, that O3 1-hr exceedance days at all sites will be completely eliminated with a 592 

further 2/3 reduction in NOy concentrations (and likely NOx emissions). Assuming that 593 

the observed rate of decrease in NOy continues, this is expected to be achieved by 2018. 594 

Using a 50% confidence criteria, decreases in NOy expected to be achieved by 2012 595 

(30%) will result in zero exceedances.  596 

 597 

Climate change is expected to result in higher average temperatures in California, 598 

increasing biogenic VOC emissions by 15-35% in the Sacramento region by 2050 599 

(Steiner et al., 2006). Absent reductions in NOx, an increase in the number of high 600 

temperature days would increase the average integrated P(Ox) in the plume and increase 601 

the probability of exceeding the 1 hour O3 standard in a given year. Between 2001 and 602 

2007, there were on average 28 +/- 7 high temperature days per year. An increase in the 603 

number of hot days would likely increase the number of exceedances; however, even a 604 

doubling of the number of annual high temperature days over the next ten years is not 605 

expected to extend the projected time frames (50% and 95%) for eliminating exceedances 606 

by more than a year. Therefore, unless there is a significant departure from the projected 607 

rate of decrease in NOx emissions, increased high temperature days are not expected to 608 

affect the number of O3 exceedances, in the next few decades. 609 

 610 

An additional consideration for predicting the decline in O3 exceedance days is the 611 

reported rise in the global tropospheric O3 background. Parrish et al. (2009) estimate that 612 

background Ox in air transported across the Pacific has been increasing at a rate of 0.46 613 

ppb/year. If we increase the O3 observed in 2007 by 5 ppb to simulate an upper limit to 614 

the effect of this increase in background O3 after 10 years, we estimate mixing of this 615 

larger background would have the effect of increasing the frequency of violations at high 616 

temperature from 6% (in 2007) to 9% at Roseville and from 13% to 30% at Cool, with no 617 

further decrease in NOx. However, we note that the increase reported by Parrish et al. 618 

(2009) would be largest in the recent years when NOx is lowest. Were it a strong effect 619 

we would expect to see a slowing of the decrease in exceedance probability at lower NOx. 620 

We do not, a result we believe indicates growth in the background ozone has had no 621 

observable effect on the number of 1-hr ozone violations in the Sacramento region.  622 

 623 

7. Conclusions 624 

 625 

We have presented a quantitative method for evaluating the NOx and temperature 626 

dependence of Ox production in an urban plume. The observational analysis represents a  627 

direct test of model chemistry. O3 exceedance days at all points in the plume are observed 628 

to have a strong temperature dependence (Fig. 5) due to the persistence in the plume of 629 

O3 produced in the urban core and suburbs. We show that the 30% decrease in NOx over 630 

the time frame of 2001 to 2007 has lead to a significant decrease in O3 1-hr exceedance 631 

days region-wide, especially during the hottest days. The reduction in exceedance days 632 

has been most significant at the farthest downwind regions of the plume. We predict that 633 

an additional decrease in NOx will effectively eliminate O3 1-hr exceedances in the 634 

region. At the current rate of the observed NOy decrease (Fig. 2), we predict with 50% 635 
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confidence that exceedances will end in 2012 and with 95% confidence that exceedances 636 

will be eliminated in the region by 2018. 637 

 638 

 639 

Appendix A. Lagrangian Urban Plume Model 640 

 641 

A detailed description of the Lagrangian model of the Sacramento urban plume is given 642 

in Perez (2008) and Perez et al. (2009). The model represents mixing, photochemistry, 643 

and dry deposition as occurring in a box that is transported from Granite Bay, located 644 

close to Roseville, to UC-BFRS at a rate set by the local winds. The chemical mechanism 645 

is a reduced form of the Master Chemical Mechanism (v 3.1) with modifications as 646 

outlined in Perez et al. (2009). There are a total of 370 reactions, 170 specific chemicals, 647 

and 7 lumped species in the model.  648 

 649 

The model is initialized with observations at Granite Bay at noon and propagated forward 650 

along the Lagrangian plume coordinates in space and time. To the east of Granite Bay 651 

anthropogenic emissions are assumed to be negligible. Biogenic VOC emissions, 652 

including isoprene, MBO, and terpenes are based on Steiner et al. (2006). Biogenic NOx 653 

emissions are estimated from measured fluxes of soil NOx in the oak forests of the Sierra 654 

Nevada foothills (Herman et al., 2003). At characteristic wind speeds, the plume passes 655 

over Cool after 3 hours and reaches UC-BFRS after 5 hours. In order to simulate the 656 

range of conditions observed, the model is run at 3 different temperatures and 5 different 657 

initial NOx (and NOy) concentrations for a total of 15 separate model runs. The model 658 

inputs are variable with temperature according to the Granite Bay observations in 2001. 659 

On top of this temperature variability, the NOx and NOy inputs are artificially scaled by 660 

factors of 0.33, 0.66, 1, 1.33, and 1.66 to provide 5 different NOx scenarios for each 661 

temperature scenario. 662 

 663 

Model outputs consist of concentrations of all species at 2 minute intervals along the 664 

plume transect. The model output can be compared directly to the observations of 665 

∆[Ox]chem/∆t between Roseville and Cool (first 3 hours of plume age) and between Cool 666 

and UC-BFRS (last 2 hours of plume age). In order to simulate the segment between Del 667 

Paso and Roseville, the model is modified to start at 1000 PST, and anthropogenic 668 

emissions are simulated for the first 2 hours of the transect. Eq. 4 is used to calculate 669 

∆[Ox]chem/∆t from the model outputs in an identical manner to that used on the 670 

observations. An important advantage to using the model is that P(Ox) can be calculated 671 

directly and compared to the net chemical flux of Ox as calculated by Eq. 4 in order to 672 

understand where this approach might be affected by biases when applied to the 673 

observations. 674 

 675 

Appendix B. Entrainment of Background Air 676 

 677 

For calculating ∆[Ox]chem/∆t, entrainment of background air into the plume is treated in a 678 

similar way to that described by Perez et al. (2009). A 1-D representation of the plume is 679 

used in this analysis, which is most characteristic of the center-line of the plume where 680 

mixing occurs at the top of the boundary layer with free tropospheric air. Perez et al. 681 
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(2009) found that the model best reproduced observations when a low ‘Global’ 682 

background was used, characteristic of free troposphere air. Under this scenario, a 683 

constant O3 background of 53 ppb is assumed. The mixing rate of the plume (kmix) under 684 

these conditions was calculated to be 0.31 hr
-1

. 685 

 686 

Changes in the absolute values of the mixing parameters, including the entrainment rate 687 

and the O3 background, are expected to influence the absolute values of ∆[Ox]chem/∆t, but 688 

not the observed relationships with temperature and [NOx]. Uncertainty in the variability 689 

of the entrainment rate or the background concentration of O3, however, could potentially 690 

bias our results in a way that would artificially introduce a temperature dependence to 691 

∆[Ox]chem/∆t.  692 

 693 

Parrish et al. (2010) found a correlative link between O3 in background air arriving at the 694 

coast of Northern California from the west and high O3 concentrations observed in 695 

certain locations of the Central Valley 22 hours later. While the role of temperature was 696 

not specifically addressed in this study, the observations of Parrish et al. (2010) imply 697 

that the relevant [O3]bk value for our analysis should be higher when temperatures are 698 

higher. Similarly, if there is a carryover effect from day to day, and [O3]bk has some 699 

dependence on the chemistry occurring in the boundary layer on the previous day in the 700 

Central Valley, it would likely be positively correlated with temperature since warm days 701 

generally follow other warm days. 702 

 703 

Under each of these scenarios, higher temperatures, and a corresponding higher ozone 704 

background, would lead to a slower rate of dilution for Ox in the plume and a lower 705 

inferred value for ∆[Ox]chem/∆t. To understand the potential impact of this on our results, 706 

we recalculate ∆[Ox]chem/∆t, using a temperature dependent Ox background, calculated as 707 

a linear function of temperature and normalized such that the average background over 708 

the entire 7 year period is 53 ppb with a standard deviation of 8 ppb. 709 

 710 

This effect will have the tendency to reduce the calculated ∆[Ox]chem/∆t at high 711 

temperatures and increase ∆[Ox]chem/∆t at low temperatures relative to that calculated 712 

using a constant background. We find that introducing this variability to [O3]bk changes 713 

the absolute values of ∆[Ox]chem/∆t at the high and low temperatures, but the basic 714 

features of the inferred relationship between ozone production, NOx, and temperature are 715 

unchanged at all three segments of the transect. We find that an unreasonably large 716 

variability in [O3]bk (likely a range of 35 ppb or greater), that is perfectly correlated with 717 

temperature, would be necessary to produce the observed behavior in ∆[Ox]chem/∆t with 718 

temperature. 719 

 720 

Similarly, any relationship of the plume entrainment rate with temperature could give rise 721 

to a dampening of the perceived dependence of ∆[Ox]chem/∆t on temperature. This would 722 

occur if the entrainment rate slowed with increasing temperature. A conservative upper 723 

limit for this effect was estimated previously from correlations between CO, NOy, and 724 

temperature at UC-BFRS (Day et al., 2008); at this limit, no more than a 20% increase in 725 

NOy at UC-BFRS could be accounted for by a slowing of the entrainment rate with 726 

increased temperatures in the Sacramento urban plume. In our analysis, varying the 727 
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entrainment rate by +/- 20% (negatively correlated with temperature), which is more than 728 

sufficient to induce a 20% change in NOy at UC-BFRS, does not change the patterns of 729 

∆[Ox]chem/∆t with NOx and temperature appreciably. 730 

 731 

Appendix C. The Role of Anthropogenic VOCs 732 

 733 

In our analysis we have assumed that the VOC reactivity at all points along the plume is 734 

dominated by biogenic emissions and their oxidation products. Observations at Granite 735 

Bay and UC-BFRS support this contention (Lamanna and Goldstein, 1999; Cleary et al., 736 

2005; Steiner et al., 2008) for the suburbs and foothills. While observations of a detailed 737 

set of VOCs closer to the urban core are lacking, Steiner et al. (Steiner et al., 2008) used 738 

the CMAQ model (with a 4 km horizontal resolution) to predict about equal contributions 739 

from anthropogenic and biogenic sources to the total VOC reactivity. From our anlaysis, 740 

the dependence of O3 production on temperature suggests that the primary source of 741 

VOCs in the region, including in the urban core, have a strong temperature dependence. 742 

Presumably a major fraction of these temperature-dependent compounds are biogenics. It 743 

has been shown that evaporative anthropogenic VOC emissions can be significant in 744 

many urban locations (Rubin et al., 2006), but their contribution to the total VOC 745 

reactivity in the region is minimal compared to either the anthropogenic fuel combustion 746 

or biogenic VOC sources. 747 

 748 

Strict regulations have resulted in a dramatic reduction of reactive VOCs in urban regions 749 

throughout California since the mid 1970s (Cox et al., 2009). According to CARB, 750 

anthropogenic VOC emissions, including those from evaporative sources, continued to 751 

decrease between 2000 and 2005 in the Sacramento Valley Air Basin at a rate of about 3% 752 

per year, similar to that reported for NOx emissions over the same time frame (Cox et al., 753 

2009). The likely correlation between NOx and anthropogenic VOCs in the long-term 754 

data set begs the question: to what extent are the perceived reductions in P(O3) with NOx 755 

due to the accompanying changes in anthropogenic VOC emissions? This effect would be 756 

most prevalent in the region between Del Paso and Roseville, where ozone production is 757 

most sensitive to VOC concentrations and where anthropogenic VOC emissions are 758 

expected to be greatest. 759 

 760 

The realization of NOx reductions across two different time-scales, both interannual and 761 

day-of-week, allows us to address this question. The day-of-week changes in NOx 762 

concentrations are thought to be primarily due to changes in the number of commercial 763 

diesel vehicles on the road from weekdays to weekends (Harley et al., 2005; Murphy et 764 

al., 2007). Since VOC emissions from diesel engines are a small fraction of total 765 

anthropogenic VOC emissions, day-of-week variability in VOC emissions are not 766 

expected to be correlated with NOx. Conversely, over inter-annual time-scales, NOx 767 

reductions have come primarily as a result of cleaner gasoline vehicles replacing older 768 

gasoline vehicles. VOC emissions, which are significant from gasoline vehicles, then, are 769 

expected to be correlated with NOx emissions over the long term, but not within any 770 

given year.  771 

 772 
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Thus, a simple test of whether reductions in VOC emissions over the long term have had 773 

a significant impact on ozone production rates is to compare ∆[Ox]chem/∆t values from the 774 

early part of the study period (2001-2002) to the later part (2006-2007) under conditions 775 

where NOx mixing ratios and temperatures are comparable. We find that there is no 776 

significant difference in the calculated ∆[Ox]chem/∆t values between the early period and 777 

the late period of the analysis time frame at similar temperatures and NOx. We conclude, 778 

therefore, that there is no evidence of decreased P(Ox) between 2001 and 2007 resulting 779 

from decreases in anthropogenic VOC emissions. This comes despite a nearly equal 780 

relative decrease in VOC and NOx emissions (Cox et al., 2009) over this time and implies 781 

that the intensity of biogenic VOC emissions have made NOx emission reductions more 782 

effective than anthropogenic VOC emission reductions in the region, at least downwind 783 

of Del Paso. 784 
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Table 1: Measurement Summary      

Site ARB Number Location Measurements Method (Model) Uncertainty Detection Limit  

T Street 34305 38.6, -121.5 NOy Chemilum. following catalytic conversion to NO (API 200E) See Sec. 3 0.4 ppb  

        

Del Paso 34295 38.6, -121.4 NO Chemiluminescence (API 200E) 10% 0.4 ppb  

   NOy Chemilum. following catalytic conversion to NO (API 200E) See Sec. 3 0.4 ppb  

   O3 UV photometry (API 400A) <1% 0.6 ppb  

        

Roseville 31822 38.7, -121.3 NO Chemiluminescence (API 200E) 10% 0.4 ppb  

   NOy Chemilum. following catalytic conversion to NO (API 200E) See Sec. 3 0.4 ppb  

   O3 UV photometry (API 400A) <1% 0.6 ppb  

        

Folsom 34311 38.7, -121.2 NOy Chemilum. following catalytic conversion to NO (API 200E) See Sec. 3 0.4 ppb  

        

Cool 9693 38.9, -121.0 O3 UV photometry (API 400A) <1% 0.6 ppb  

        

UC-BFRS N/A 38.9, -120.6 NO2 Laser Induced Fluorescence (Thornton et al., 2000) 10% 10-20 ppt  

      O3 UV photometry (Dasibi 1008-RS) <1% 0.6 ppb  
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Table 2(a): All Data (Full Year) 

 Hot    Wind Direction (deg.)    Wind Speed (m/s)        [NOy] (ppbv)        Roseville O3            Cool O3         Blodgett O3 

Year # Days Mean Std. Err. Mean Std. Err. Mean Std. Err. Exc. Days # Days Exc. Days # Days Exc. Days # Days 

2001 64 247.5 2.5 3.5 0.1 17.2 1.3 14 64 32 64 17 63 

2002 49 263.4 3.5 3.2 0.1 19.2 1.4 15 49 31 49 18 49 

2003 66 260.8 2.6 3.0 0.0 17.2 1.3 13 66 26 66 18 66 

2004 53 261.8 2.0 3.4 0.0 14.2 0.8 6 53 12 51 13 51 

2005 56 263.3 2.4 2.6 0.1 15.2 0.9 16 56 27 56 9 56 

2006 58 255.1 2.6 3.2 0.1 14.3 1.0 20 58 30 58 10 38 

2007 49 255.9 2.0 3.3 0.1 12.3 0.8 4 49 6 47 1 14 

Medium              

2001 58 248.8 2.4 3.5 0.1 14.1 1.1 1 58 7 54 3 56 

2002 62 252.3 2.7 3.4 0.1 15.0 1.0 7 62 21 61 4 62 

2003 45 251.9 5.0 3.1 0.1 14.9 1.4 1 45 2 45 2 45 

2004 55 249.5 4.1 3.5 0.1 13.5 1.0 1 55 2 50 2 55 

2005 47 258.9 3.3 3.0 0.1 13.3 1.2 2 47 4 47 1 41 

2006 58 253.6 3.3 3.4 0.1 11.8 0.6 0 58 9 55 1 38 

2007 56 248.3 3.6 3.4 0.1 9.1 0.5 1 56 2 55 0 15 

Cold              

2001 237 220.6 3.3 2.9 0.1 22.9 1.4 0 237 0 56 0 222 

2002 251 235.3 2.9 3.0 0.1 23.7 1.3 0 251 5 71 4 248 

2003 250 235.8 2.7 2.7 0.1 21.7 1.2 1 250 3 69 0 234 

2004 224 236.9 3.6 3.0 0.1 23.0 1.4 0 224 2 62 0 203 

2005 259 236.0 2.9 2.7 0.1 20.9 1.1 0 259 0 78 0 132 

2006 242 229.8 3.0 2.6 0.1 19.6 1.1 0 242 1 65 1 74 

2007 254 238.5 2.9 2.7 0.1 18.0 1.1 0 249 0 75 0 26 
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Table 2(b): Relaxed Filter (May - September)          

 Hot   Wind Direction (deg.)  Wind Speed (m/s)        [NOy] (ppbv)        Roseville O3            Cool O3          Blodgett O3 

Year # Days Mean Std. Err. Mean Std. Err. Mean Std. Err. Exc. Days # Days Exc. Days # Days Exc. Days # Days 

2001 41 236.7 1.8 3.7 0.1 16.9 1.5 14 41 28 41 13 40 

2002 21 244.1 2.5 3.2 0.1 17.6 2.2 9 21 18 21 10 21 

2003 26 250.7 1.5 3.2 0.1 16.8 2.1 9 26 12 26 10 26 

2004 27 249.5 1.1 3.6 0.1 14.2 0.9 6 27 7 26 8 25 

2005 18 245.2 2.4 2.9 0.1 12.0 1.0 5 18 9 18 1 18 

2006 30 241.3 1.9 3.4 0.1 15.5 1.4 15 30 19 30 5 26 

2007 33 248.7 1.3 3.4 0.1 11.9 0.9 2 33 4 32 0 11 

Medium              

2001 39 240.1 1.7 3.6 0.1 14.7 1.4 1 39 6 37 3 37 

2002 41 239.8 1.6 3.5 0.1 14.2 1.0 7 41 17 41 2 41 

2003 21 242.3 1.8 3.6 0.1 14.3 2.0 0 21 1 21 0 21 

2004 35 243.2 1.6 3.7 0.1 11.1 0.8 0 35 1 34 1 35 

2005 21 241.9 2.1 3.3 0.1 13.1 1.7 1 21 2 21 0 18 

2006 30 240.5 1.8 3.6 0.1 10.3 0.7 0 30 4 30 0 21 

2007 33 242.2 1.5 3.5 0.1 7.8 0.5 1 33 1 32 0 10 

Cold                           

2001 62 234.9 1.7 3.3 0.1 16.4 1.7 0 62 0 30 0 60 

2002 65 237.7 1.8 3.4 0.1 17.5 1.5 0 65 4 38 3 64 

2003 50 240.8 1.7 3.3 0.1 12.7 1.6 1 50 1 30 0 47 

2004 45 241.0 1.6 3.5 0.1 11.8 1.0 0 45 0 27 0 45 

2005 49 239.1 1.8 3.3 0.1 11.9 1.1 0 49 0 30 0 32 

2006 41 233.1 2.4 3.4 0.1 13.8 1.6 0 41 1 21 0 11 

2007 60 239.0 1.4 3.3 0.1 11.8 1.0 0 57 0 31 0 11 
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Table 2(c): Strict Filter (May - September)          

Hot     Wind Direction (deg.)  Wind Speed (m/s)        [NOy] (ppbv)       Roseville O3            Cool O3          Blodgett O3 

Year # Days Mean Std. Err. Mean Std. Err. Mean Std. Err. Exc. Days # Days Exc. Days # Days Exc. Days # Days 

2001 29 239.2 2.2 3.4 0.1 17.1 1.9 10 29 23 29 11 29 

2002 18 244.0 2.5 3.2 0.0 18.2 2.3 8 18 15 18 8 18 

2003 26 250.7 1.5 3.2 0.1 16.8 2.1 9 26 12 26 10 26 

2004 24 250.3 1.1 3.5 0.1 13.9 1.1 6 24 7 24 7 22 

2005 13 245.9 2.8 3.1 0.1 10.7 1.2 3 13 6 13 0 13 

2006 26 242.2 1.9 3.4 0.1 16.3 1.5 13 26 17 26 5 24 

2007 30 248.4 1.3 3.4 0.1 11.6 0.9 1 30 4 30 0 10 

Medium              

2001 32 242.7 1.5 3.5 0.0 15.4 1.7 1 32 6 31 3 32 

2002 37 241.4 1.5 3.4 0.0 14.0 1.1 6 37 16 37 2 37 

2003 17 243.4 2.2 3.4 0.1 15.3 2.2 0 17 1 17 0 17 

2004 26 245.2 1.8 3.4 0.1 11.2 1.0 0 26 1 26 1 26 

2005 19 241.6 2.0 3.3 0.1 12.8 1.8 1 19 2 19 0 17 

2006 23 241.9 2.0 3.4 0.1 9.4 0.8 0 23 3 23 0 16 

2007 31 242.6 1.5 3.5 0.1 7.6 0.5 0 31 1 31 0 10 

Cold              

2001 22 234.3 2.3 3.2 0.1 10.3 1.1 0 22 0 22 0 22 

2002 24 240.7 2.7 3.4 0.1 12.6 1.0 0 24 4 24 1 23 

2003 21 243.4 1.9 3.3 0.1 9.9 1.3 1 21 1 21 0 21 

2004 19 245.3 1.9 3.4 0.1 13.2 1.5 0 19 0 19 0 19 

2005 23 240.2 2.5 3.2 0.1 9.2 1.3 0 23 0 23 0 17 

2006 17 239.7 2.6 3.2 0.0 11.1 1.3 0 17 1 17 0 10 

2007 22 241.3 1.9 3.3 0.1 10.3 2.1 0 22 0 22 0 5 
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Figure Captions 1064 

 1065 

Figure 1. Map of the Greater Sacramento Area indicating the location of monitoring 1066 

stations used in this analysis. Yellow circles are UC Berkeley research sites, blue circles 1067 

are CARB monitoring sites, and red circles are CIMIS weather stations. Map created 1068 

using Google Earth.  1069 

 1070 

Figure 2. Annual mean [NOy] in the Sacramento metro region from 2001-2008. Values 1071 

calculated from daily (10-1400 PST) means of 4 sites (T Street, Del Paso, Roseville, and 1072 

Folsom) in each year of the study period.  1073 

 1074 

Figure 3. Observed (a-c) and modeled (d-f) ozone production rates for three segments of 1075 

Sacramento Urban Plume. Segment A, between Del Paso and Roseville, shown in (a) and 1076 

(d); Segment B, between Roseville and Cool, shown in (b) and (e); Segment C, between 1077 

Cool and UC-BFRS, shown in (c) and (f). In all figures, plots are color coded by 1078 

temperature range: red = high, green = medium, blue = low. In (a-c), data points represent 1079 

calculations of ∆[Ox]chem/∆t for individual days, solid lines represent the mean values 1080 

binned by NOx, and the error bars are the standard error for each bin. NOx concentrations 1081 

are from observations at the upwind site, except in (c) where Cool [NOx] is estimated 1082 

from observations at Roseville, assuming a 2 hour lifetime. In (d-f) solid lines with open 1083 

circles are the calculations of ∆[Ox]chem/∆t for individual model runs and dashed lines are 1084 

calculations of P(Ox) (via Eq. 6). 1085 

 1086 

Figure 4. Ozone production as a function of NOx, VOC reactivity, and Temperature. 1087 

Contour lines represent theoretical ozone production rates over a range of NOx 1088 

(multiplied by a factor of two directly compare with observations; see Sec. 3 for 1089 

details)and VOC reactivity phase space. The relationship between temperature and VOC 1090 

reactivity is hypothetical and typical of regions with significant biogenic VOC emissions.  1091 

Boxes show the range of observed NOx and estimated VOC reactivities in the 1092 

Sacramento Urban Plume under different conditions, at different locations, and during 1093 

different years. Boxes span the observed range (inter-quartile) of NOx concentrations at 1094 

high (A and B) and low (C and D) temperatures. Boxes A1-D1 represent observed NOx 1095 

concentrations in metro Sacramento in 2001 (A1 and C1) and in 2007 (B1 and D1), while 1096 

boxes A2-D2 represent the corresponding conditions after 5 hours of photochemical 1097 

processing, assuming a 2 hour NOx lifetime. Black dashed lines represent the boundaries 1098 

for three O3 production regimes, as defined in Sec. 5. 1099 

 1100 

Figure 5. O3 exceedance probability (90 ppb 1 hour standard) for hot (red), medium 1101 

(green), and cold (blue) temperature days vs [NOy]. Open circles are annual mean 1102 

exceedance probabilities and [NOy] is calculated as in Fig. 2, separated by temperature. 1103 

Data shown for (a) Roseville, (b), Cool, and (c) UC-BFRS.  1104 
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